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We study structure formation using relativistic cosmological linear perturbation theory in the
presence of intrinsic and relative (with respect to matter) non-adiabatic dark energy perturbations.
For different dark energy models we assess the impact of non-adiabaticity on the matter growth
promoting a comparison with growth rate data. The dark energy models studied lead to peculiar
signatures of the (non)adiabatic nature of dark energy perturbations in the evolution of the fσ8(z)
observable. We show that non-adiabatic DE models become close to be degenerated with respect to
the ΛCDM model at first order in linear perturbations. This would avoid the identification of the
non-adiabatic nature of dark energy using current available data. Therefore, such evidence indicates
that new probes are necessary to reveal the non-adiabatic features in the dark energy sector.
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I. INTRODUCTION
Within the standard cosmological model a successful
General Relativity (GR) based description of the expand-
ing universe demands the inclusion of two misterious
components, namely dark matter (DM) and dark energy
(DE). While the former acts favoring structure forma-
tion composing 5/6 of the total matter in the universe,
the latter manifests mostly at late times propelling the
accelerating the background expansion. It is a well estab-
lished fact we live in such accelerated epoch but the rea-
sons behind it remain unknown, i.e., what is the nature
of dark energy phenomena. Although the investigation
of extended versions of GR as the explanation of the ac-
celeration has called a huge attention in the last years [1],
the conventional approach for cosmology is still based on
the idea that GR is sourced by a total energy-momentum
tensor endowed with a DE fluid component.
Interpreting DE as a fluid requires adopting an equa-
tion of state relating its pressure (pde) and energy den-
sity (ρde). The different dark energy models available
in the literature correspond to choices for the equation
of state parameter wde = pde/ρde. For the expanding
background dynamics only the time dependence wde(t)
is relevant. The simplest case wde = −1 provides the
same background dynamics as the inclusion of a cosmo-
logical constant (Λ) in the Einstein’s equation. However,
the growth of matter perturbations is affected by the ex-
istence of dark energy both via background effects, i.e.,
the slower the expansion, the faster the matter clustering
(and vice versa), and also via the nature of dark energy
perturbations δpde.
If the pressure of a fluid is written as p ≡ p(ρ,S),
where S means entropy, then its perturbation reads
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δp = (∂p/∂ρ)S=const.δρ+(∂p/∂S)ρ=const.δS, from which
one identifies the adiabatic speed of sound c2ad =
(∂p/∂ρ)S=const. and the intrinsic non-adiabatic (en-
tropic) contribution. For example, viscous fluids are
charactherized by the appearence of the latter terms [2–
13]. It is worth noting then that background data such
that Supernovae is not able to characterize non-adiabatic
features in dark energy models.
Non-adiabaticity is also a typical feature of multi-
component systems. Whether or not such components
do interact via energy or momentum exchange, the exis-
tence of relative perturbations is expected in an expand-
ing universe [14] and its properties have been studied in
the literature [15–18]. In order to model such relative
perturbations, for instance, having any two components
x and y one can generically define the relative entropic
perturbations following Sxy ∼ (δx/x˙ − dy/y˙). The lat-
ter proportionality becomes an equality via some specific
background choice as, for example, the Hubble expansion
H = a˙/a, where a is the cosmological scale factor and the
dot means derivative with respect to the cosmic time.
Our aim in this work is to assess the impact of the
non-adiabatic nature of DE perturbations (specially the
features pointed out above) on structure formation. By
calculating the linear growth f = dln δm/d lna and the
variance σ2R of the density field smoothed at R = 8h
−1
Mpc scales we build the quantity fσ8 in a bias indepen-
dent manner. This allows us to promote a safe com-
parison between the theoretical predictions and available
data. Such quantity is also useful from the observational
perspective since it can be obtained from weak lensing
and Redshift space distortions (RSD) analysis. In par-
ticular, we investigate how different dark energy models
(taking into account their entropic perturbations) impact
the fσ8 observable.
Next section is devoted to introduce the background
and perturbative cosmological dynamics for different
dark energy models. Our strategy presented in section
II C relies on calculating the matter density perturba-
ar
X
iv
:1
70
7.
03
22
4v
1 
 [a
str
o-
ph
.C
O]
  1
1 J
ul 
20
17
2tion sourced by the total gravitational potential. In
computing the latter the non-adiabaticity (also including
the dark energy density perturbations effects) is present.
Then, we promote a direct comparison with fσ8 data in
section III. We conclude in the final section.
II. DYNAMICS OF DARK ENERGY MODELS
A. Background Dynamics of Dark energy models
Since we are interested in the late time aspects of struc-
ture formation we neglect the radiation effects. We in-
vestigate the total matter growth subjected to the recent
effects caused by a dark energy component. We adopt
a flat-FLRW expansion in which the expansion rate is
given by
H2(a)
H20
=
Ωm0
a3
+ (1− Ωm0) e−
∫
da
1+wDE
a , (1)
where we will fix for our reference model the parameters
Ωm0 = 0.3 and H0 = 70kms
−1Mpc−1.
The dynamics of the background dark energy density
is governed by the choice of the equation of state param-
eter (EoS) wDE. We will study some of the most relevant
alternatives found in the literature. They are listed be-
low:
B. Dark energy models
By assuming a equation of state for dark energy wDE
we completely determine the background dynamics (and
also, as shown bellow, the perturbative dynamics). Some
relevant parameterizations found in the literature are:
• The constant EoS
wDE = w0; (2)
• The Chevallier-Polarski-Linder (CPL) [19, 20]
wDE(a) = w0 + w1(1− a); (3)
• The Wetterich-logarithmic one [21]
wDE(a) =
w0
[1 + w1ln(1/a)]
2 . (4)
C. Perturbative Dynamics of Dark energy models
We develop now a set of equations for the matter den-
sity perturbation δm = δρm/ρm which will be subjected
to the peculiar existence of dark energy intrinsic and rel-
ative non-adiabatic perturbations.
Following refs. [22–25], we introduce the line element
including scalar perturbations which is written according
to
ds2 = −(1 + 2A)dt2 + 2a∂iBdxidt
+a2[(1 + 2ψ)δij + 2∂ijE]dx
idxj , (5)
where A,B,ψ and E represents the scalar metric per-
turbations. According to the Newtonian (or longitudi-
nal) gauge choice, i.e., E = B = 0, the effective metric
perturbations are described by the so called Newtonian
potentials Φ and Ψ:
A− d
dt
[a2(E˙ +B/a)]→ A ≡ Φ, (6)
− ψ + a2H(E˙ +B/a)→ −ψ ≡ Ψ. (7)
Let us treat the entire cosmic substratum (Cold Dark
matter + Dark energy) by an effective total fluid with
density ρ and pressure p. Then, the components of the
energy momentum tensor of such effective one-fluid can
be written as
T 00 = −(ρ+ δρ), T 0α − (ρ+ p)v,a,
Tαβ = (p+ δp)δ
α
β + Π
α
β . (8)
In the absence of anisotropic stresses (Παβ = 0) -adopted
here- both Newtonian scalar potentials coincide Φ = Ψ.
We are then left with the components of the Einstein’s
equation
− ∇
2
a2
Φ + 3H2Φ + 3HΦ˙ = −4piGδρ, (9)
HΦ + Φ˙ = 4piGa(ρ+ p)v, (10)
3Φ¨ + 9HΦ˙ + (6H˙ + 6H2 +
∇2
a2
)Φ = 4piG(δρ+ 3δp). (11)
Where v (the fluid velocity potential in Newtonian
gauge) is interpreted as the velocity of the fluid with
respect to the normal line observers i.e., the magnitude
of the fluid velocity relative to the Newtonian space.
In order to obtain a full set of equations for the per-
turbative dynamics it is also required the covariant con-
servation of the energy momentum tensor, i.e., Tαβ ;α = 0.
The continuity equation reads
δρ˙+ 3H(δρ+ δp) = (ρ+ p)(3Φ˙ +
∇2
a
v), (12)
while the momentum conservation becomes
[a4(ρ+ p)v]·
a4(ρ+ p)
=
1
a
(
A+
δp
ρ+ p
)
. (13)
3Working now in the Fourier space (∇2 → −k2) we
are also able to combine the above equations into use-
ful forms. For example, we can write the total density
contrast ∆ = δρ/ρ in terms of the potential Φ such that
∆ = −
( 2k2
3a2H2
)
Φ− 2Φ− 2 Φ˙
H
. (14)
Another useful relation involving the definition Θ = (c2−
w)∆ which emerges from Einsteins equation is
Θ =
2
3H2
[Φ¨ +H(4 + 3w)Φ˙ + w
k2
a2
Φ]. (15)
We can also write down an equation for the evolution of
∆ in terms of the velocity potential
∆˙ = −3HΘ + 3(1 + w)Φ˙− (1 + w)k
2
a
v, (16)
as well as a dynamical equation for v
v˙ = −vH(1− 3w)− w˙
1 + w
v +
1
a
[
Φ +
w
1 + w
∆
+
Θ
1 + w
]
. (17)
Finally, the full equation for the total density contrast
(where no assumptions as for instance the quasi-static
approximation have been done) reads
∆¨ + ∆˙(2− 3w)H + k
2
a2
w∆ +
k2
a2
(1 + w)Φ
= 3(1 + w)[Φ¨ + Φ˙(2− 3w)H] + 3w˙Φ˙− 3HΘ˙
+Θ
[
− k
2
a2
+
3H2
2
(1 + 9w)
]
(18)
Following [24] the introduction of the intrinsic entropic
perturbation of the dark energy component reads
Γ(a) ≡ 3H(1 + wDE)c
2
a,DE
1− c2a,DE
(δρDE
ρ˙DE
− δpDE
p˙DE
)
. (19)
Also, the relative entropic perturbation for the system
pressureless matter + dynamical dark energy becomes
S(a) ≡ 3H(1 + wDE)Ωm
1 + w
(δρDE
ρ˙DE
− δρm
ρ˙m
)
. (20)
It is worth noting that by decomposing the total pres-
sure perturbation such that δp = δpnad+c
2
aδρ, the above
relations allows us to write the intrinsic non-adiabatic
pressure perturbation of the cosmic medium as
δpnad = ΩDE[(−c2a,DE)S + (1− c2a,DE)Γ]ρ. (21)
The above definitions do not imply necessarily that en-
ergy transfer between the two components in the systems
is imposed. Each component will obey a separate energy
balance equation (with no sources). The definition for
Γ (19) reflects aspects of the internal physical structure
of the fluid DE while S (20) quantities the multi-fluid
nature of the global system. The standard adiabatic cos-
mology is recovered by setting S = Γ = 0.
The total fluid has an intrinsic adiabatic speed of sound
given by
c2a =
p˙
ρ˙
=
w
1 + w
[
(1 + wDE)− a
3
w′DE
wDE
]
, (22)
while the intrinsic dark energy adiabatic speed of sound
reads
c2a,DE =
˙pDE
˙ρDE
= wDE − w
′
DEa
3(1 + wDE)
. (23)
The full perturbative dynamics is assessed after solving
the following set of coupled equations for Φ, S and Γ,
a2H2Φ′′ +
[
5aH + a2H ′ + 3aHc2a
]
a2HΦ′
+c2ak
2Φ +
[
3 + 2a
H ′
H
+ 3c2a
]
a2H2Φ =
3
2
a2H2ΩDE[−c2a,DES + (1− c2a,DEΓ], (24)
aS′ =
(
3wDE −
3Ωmc
2
a,DE
1 + w
)
S
+
3Ωm(1 + c
2
a,DE)Γ
1 + w
+
k2
a2H2
S + Γ
3
+
k4
a4H4
(2
9
1 + wDE
1 + w
)
Φ, (25)
aΓ′ = −3
2
(1 + w)S + 3
(
wDE − 1 + w
2
)
Γ
+
k2
a2H2
(
− (1 + wDE)R− S + Γ
3
)
+
k4
a4H4
(
− 2
9
(1 + wDE)
1 + w
Φ
)
, (26)
where we have defined the gauge-invariant comoving cur-
vature perturbation
R = Φ + 2
3(1 + w)
[
Φ + a
dΦ
da
]
. (27)
In the next section we will promote a comparison be-
tween the adiabatic (AD) and the non-adiabatic (NAD)
situations. We call adiabatic dark energy model the po-
tential Φ obtained solving Eq. (24) with vanishing right
hand side i.e., Γ = S = 0.
For the NAD model we solve the coupled set of Eqs.
(24) - (26) where Φ is sourced by the functions S and
Γ. The k4 scale dependence seen in Eqs. (24) - (26)
represents a new feature introduced by the non-adiabatic
effects which manifest the fact that sub-horizon modes
are more sensitive to the study of such effects.
4We have also defined the total equation of state of the
cosmic medium w(a) =
∑
Ωi(a)wi(a). Since we are con-
sidering a pressureless matter field only the dark energy
pressure plays a role. Therefore
w(a) = ΩDE(a)wDE(a)
= ΩDE0
[ H20
H2(a)
e−3
∫
da
1+wDE
a
]
wDE(a).
III. CONFRONTING MATTER
PERTURBATIONS WITH RSD DATA
We compare now the predictions of the perturbative
dynamics obtained in the last section with available data.
It is important now to realize that we provided above an
effective description for a one component model in which
the total matter density ρ is the sum of a pressureless
matter component and dark energy. Therefore, the po-
tential Φ is sourced by both the matter and dark energy
density perturbations. The dark energy perturbative fea-
tures are actually most captured via c2a and c
2
a,DE term
which influences Φ. We are now interested however in the
matter growth δm. After numerically solving Eqs. (24),
(25) and (26) for the potential Φ we can use its solution
to calculate the evolution of δm.
We write an equation for the evolution of matter den-
sity perturbation δm as a function of Φ. Since there is
no interaction term between ρm and ρDE we adapt Eqs.
(16) and (17) for pressureless matter i.e., w → wm = 0
(and making ∆→ δm). Hence,
a2δ′′m +
(
aH ′
H
+ 3
)
aδ′m +
k2H20
a2H2(a)
Φ = 0. (28)
We then calculate the quantities
f =
d lnδm
dln a
(29)
and
σ8 = σ8(a = 1)
δm
δm(a = 1)
. (30)
It is necessary to fix a fiducial value for the today’s
variance of power spectrum. Since we have adopted
Ωm0 = 0.3 the results from Planck TE + low P suggests
the value σ8(a = 1) = 0.8 [26].
The different figures shown bellow refer to different
dark energy models. In all the figures for the evolution
of fσ8(z) we use 18 fσ8 data points forming the Gold
compilation proposed in Ref. [28]. Also, all figures bring
the ΛCDM curve (solid black) as our reference model.
We solve the set of different equation for Φ generat-
ing initial conditions at a redshift zi = 3000 which cor-
responds to the onset of the matter dominated epoch.
With help of the CAMB code, we calculate the power
spectrum at zi for a fiducial ΛCDM model (the same
plotted in the solid black line in all figures). The ampli-
tude of density fluctuations is mapped into a Φi value.
We also set adiabatic initial conditions S(zi) = Γ(zi) = 0
for all models tested here. Then, the emergence of non-
adiabatic effects in dark energy models is purely due to
late time effects i.e., related to the dark energy equa-
tion of state. It is worth noting that as pointed out in
Refs. [24, 25] from the structure of the perturbed equa-
tions (24)-(26) the adiabaticity imposed by the initial
conditions S(zi) = Γ(zi) = 0 is preserved for superhori-
zon scales (k/aH  1). Therefore, the appearance of
non-adiabatic effects occurs only for modes which are of
astrophysical interest well inside the horizon. In order to
deal with the k-dependence of the equations we adopt the
standard way to proceed which is to fix k = 0.1hMpc−1
since this scale remains linear until today keeping the va-
lidity of our equations. Indeed, we have developed in the
last section a set of equations valid for linear modes only.
With the left panels of Figs.(1,2,3) we show how dark
energy models influences the matter growth via the
fσ8 x z plane if we treat them an adiabatic (AD) or non-
adiabatic (NAD) component. These figures also bring
in the right panels the information about the conjoined
expansion as discussed in [29].
The labels in the figures indicate the parameters used
in each curve. The general convention for all figures is
such that solid lines represent adiabatic models while
dashed lines the non-adiabatic cases.
Rather then a quantitative analysis, where e.g., a min-
imum χ2 is computed and best fit parameters are ob-
tained, because the available data is still quite disperse
(current errorbars are still large) we are only allowed to
infer qualitative differences between adiabatic and non-
adiabatic dark energy models.
In Fig. 1 we compare the dark energy model with
a constant equation of state with values wDE = −0.8
(quintessence) and wDE = −1.2 (phantom). Such values
are extreme situations since beyond them (i.e., wDE >
−0.8 and wDE < −1.2 ) there is no compatibility with
other observational probes as for example Supernovae
cosmology [27]. As one can infer from (19) and (20),
the ΛCDM model (wDE = −1) does not admit a non-
adiabatic version since in this case S = Γ = 0. But
notice however that the same is no longer true for con-
stant equations of state wDE 6= −1. While the adiabatic
version of these models (blue solid and red solid lines)
presents a larger departure from the ΛCDM (black solid),
the non-adiabatic counterparts tend to bring the curves
closer to the standard cosmology. We tell in advance
that this latter feature will also be seem in the remaining
models. It is worth noting that the ΛCDM case seems
to overestimate the magnitude of fσ8 at low redshifts
(see also [30] for a discussion of this issue in a context
of modified gravity). Then, the departure from standard
ΛCDM model as given by the adiabatic phantomic case
(solid red line) in Fig. 1 seem to be preferred by the
observed fσ8 data.
We study now time varying dark energy equations of
5wDE = -1 (ΛCDM)
wDE = -0.8 (AD DE)
wDE = -0.8 (NAD DE)
wDE = -1.2 (AD DE)
wDE = -1.2 (NAD DE)
0.0 0.5 1.0 1.5 2.0
0.2
0.3
0.4
0.5
0.6
0.7
z
fσ 8(z)
0.25 0.30 0.35 0.40 0.45 0.50
1.0
1.5
2.0
2.5
3.0
3.5
4.0
fσ8
H
/H 0
FIG. 1: Left: The matter clustering data fσ8 as a function of the redshift. The 18 data points belong to the Gold sample (see
text). Solid (dashed) lines computed with adiabatic (non-adiabatic) dark energy models. Right: The conjoined evolutionary
tracks.
state. The results for the CPL model are shown in Fig.
2 and for the Wetterich-logarithmic model in Fig. 3. All
such models have fixed either w0 = −0.8 (upper panels)
or w0 = −1.2 (bottom panels). The parameter w0 corre-
sponds to the todays’s value of the dark energy equation
of state. The time evolution is determined by w1. We
stress out how the non-adiabatic models remain close to
the ΛCDM model.
IV. CONCLUSIONS
In this work we have investigated whether the non-
adiabatic nature of dark energy impacts the linear matter
clustering. Although it is well know that on superhorizon
scales (k/aH << 1) initial adiabatic conditions remain
unchanged, we have shown that for physical scales which
are of astrophysical interest the non-adiabaticity features
are able to emerge modifying the matter clustering pat-
terns. We develop first order perturbative equations for
matter overdensity (δm) which are sourced by the grav-
itational potential Φ. The usefulness of our approach
relies in admitting that the existence of intrinsic and rel-
ative (with respect to matter) dark energy perturbation
affects the evolution of potential Φ. It is worth mention-
ing that this hypothesis is absent in the standard cos-
mology where only the adiabatic cases are considered. In
light of the equations (19) and (20) it becomes clear that
the cosmological constant case wDE = −1 only presents
a pure adiabatic behavior. Constant and time varying
equations of state wDE(a) 6= −1 can however display
a different behavior at the structure formation level if
treated as adiabatic or non-adiabatic components.
We have show that the matter growth data is par-
ticularly useful to distinguish and even to quantity the
non-adiabaticity of dark energy models. The full distin-
guishability between adiabatic and non-adiabatic dark
energy models is still limited since the errorbars in the
current fσ8 dataset samples is quite large.
We have found however a common feature for all dark
energy models investigated here. The matter growth
for the non-adiabatic models tends to overlap with the
ΛCDM prediction. Then, the use of clustering data
would not be able to reveal specific signatures of dark
energy non-adiabaticity. This means that dark energy
can be actually a non-adiabatic time evolving compo-
nent (with w0 and w1 parameters limited by the back-
ground tests) but its full thermodynamical nature is not
distinguisable (since it is degenerated with ΛCDM) at
linear level. We have also checked that the same hap-
pens for other parameterizations like the Jassal-Bagla-
Padmanabhan [31] and the Barboza-Alcaniz models [32].
In order to shed some light on this issue the conjoined
evolutionary tracks shown here can be useful but more
accurate data is still needed.
The persistence of feature found in this work should
be further explored with other cosmological probes. Also
interesting is to assess the impact of non-adiabatic dark
energy models in the full CMB spectrum and the cross-
correlation galaxy-CMB where imprints of the Integrated
Sachs-Wolfe effect appear. We leave this analysis for a
future work.
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